The magnesium ion (Mg 2+ ) is the most abundant divalent cation within cells. In man, Mg 2+ -deficiency is associated with diseases affecting the heart, muscle, bone, immune, and nervous systems. Despite its impact on human health, little is known about the molecular mechanisms that regulate magnesium transport and storage. Complete structural information on eukaryotic Mg 2+ -transport proteins is currently lacking due to associated technical challenges. The prokaryotic MgtE and CorA magnesium transport systems have recently succumbed to structure determination by X-ray crystallography, providing first views of these ubiquitous and essential Mg 2+ -channels. MgtE and CorA are unique among known membrane protein structures, each revealing a novel protein fold containing distinct arrangements of ten transmembrane-spanning α-helices. Structural and functional analyses have established that Mg 2+ -selectivity in MgtE and CorA occurs through distinct mechanisms. Conserved acidic side-chains appear to form the selectivity filter in MgtE, whereas conserved asparagines coordinate hydrated Mg 2+ -ions within the selectivity filter of CorA. Common structural themes have also emerged whereby MgtE and CorA sense and respond to physiologically relevant, intracellular Mg 2+ -levels through dedicated regulatory domains. Within these domains, multiple primary and secondary Mg 2+ -binding sites serve to staple these ion channels into their respective closed conformations, implying that Mg 2+ -transport is well guarded and very tightly regulated. The MgtE and CorA proteins represent valuable structural templates to better understand the related eukaryotic SLC41 and Mrs2-Alr1 magnesium channels. Herein, we review the structure, function and regulation of MgtE and CorA and consider these unique proteins within the expanding universe of ion channel and transporter structural biology.
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Introduction
It is important to recognize that the chemistry and coordination geometry of the Mg 2+ ion are unique. Mg 2+ has the smallest ionic radius and the largest effective hydrated radius compared to the other common biological cations [1] . The Mg 2+ ion is almost invariably hexacoordinated and maintains strict bond lengths and bond angles (2.15 Å ± 0.1 Å and 90°, respectively) [1] [2] [3] . By contrast, the coordination schemes of Na + , K + and Ca 2+ are less restrictive and more promiscuous [2] [3] [4] . As should be expected for a small, charge-dense ion, the first hydration shell of Mg 2+ is held very tightly [1] . This distinctive chemistry undoubtedly underlies the special roles of Mg 2+ in catalysis, biological structure, and the regulation of diverse physiological processes. Not surprisingly, the proteins which facilitate selective Mg 2+ transport have long been thought to represent a unique class of membrane transport proteins [5] [6] [7] . Mg 2+ is the most abundant intracellular divalent cation and an important co-factor in the machineries that replicate, transcribe and translate genomic information [8] [9] [10] [11] . This underscores the early exploitation of Mg 2+ during molecular evolution. As a structural co-factor, Mg 2+ stabilizes the ribosome, lipid membranes, and nucleic acids [8, [10] [11] [12] . Mg 2+ further serves as a pivotal component in metabolic networks and signaling cascades where it participates in regulating enzyme activity and targeting macromolecules to specific complexes or cellular locations. Less appreciated roles for Mg 2+ include competition with Ca 2+ for key intracellular binding sites [13] [14] [15] [16] and the regulation of virulence programs in pathogenic bacteria [17] [18] [19] [20] . The maintenance of proper Mg 2+ homeostasis has been correlated with physiological well being in humans. For example, Mg 2+ deficiency is associated with pathological states including cardiac syndromes, epilepsy, migraines, muscular dysfunction and bone wasting [6, 21] . Entering through the MagT1 channel, Mg 2+ has also been identified as a key intracellular signaling molecule during immune cell activation [22] . The total intracellular Mg 2+ content in most cell types is~20 mM [1, 23] . The free Mg 2+ concentration is typically in the range of 0.5-1.0 mM and a considerable proportion of the complexed Mg 2+ pool is bound as Mg
2+
-ATP [1, 23] . It has been postulated that fluctuating intracellular and extracellular magnesium concentrations should be regarded as physiologically relevant [24, 25] , but experimental validation of this hypothesis has been impeded by the lack of suitable methods to track changes of magnesium within a biological context. We anticipate that the development of improved magnesium probes [26] will be spawned by further identification and characterization of defects in Mg 2+ transport systems, which lead to pathological states in humans (Table 1 ) [27] [28] [29] . Despite the prevalence of Mg 2+ in biology, relatively little is known about the mechanisms regulating Mg 2+ transport, homeostasis and storage [6, 21, 30] . Cellular Mg 2+ transport systems were first identified over forty years ago [31] [32] [33] [34] [35] . In fact, many of these transport systems now are known to be conserved from bacteria to man (Table 1) [6, 7, 36] . While transport in these two wide-spread and ubiquitous systems [39, [46] [47] [48] [49] [50] . Here, we will review the structure, function and regulation of MgtE and CorA. We will also discuss the common themes that have emerged from structural studies of other channel and transporter systems.
MgtE

Distribution of the MgtE system
Maguire and coworkers first identified mgtE in a broad range of Gram-negative and Gram-positive bacteria using classic genetic methods [51, 52] . Clues to the importance of MgtE arose with the identification of mgtE as a potential virulence gene in Borrelia burgdorferi, the causative agent of Lyme disease [53] . MgtE has since been implicated in the proper functioning of the electron transport chain [54] , promoting the adherence of Aeromonas hydrophila to human cells [55] , and modulation of the Type III secretion (TSIII) machinery in Salmonella [56] . Notably, the Mg 2+ transport function of MgtE was found to be dispensable for its role in TSIII regulation [56] , suggesting a complex interplay between MgtE and other cellular components. These data highlight a crucial role for MgtE in bacterial physiology and pathogenesis. From recent genomic sequencing efforts, mgtE is now known to be present in~50% of all prokaryotic species, where it is generally thought to function as the primary microbial Mg 2+ transport system [57] . In eukaryotes, three mgtE-like genes belonging to the SLC41 family of solute carriers have been identified. Electrophysiological studies have characterized Mg
2+
-based currents through all three SLC41 proteins but the precise physiological roles of these channels remain unclear [6, [58] [59] [60] [61] . SLC41-A1 is found in most human tissues and its expression levels are regulated by dietary Mg 2+ uptake [6, 59, 62] . As found for other channel and transporter families like FocA [63] and ClC [64] , the SLC41 proteins have undergone an apparent gene duplication and fusion event from their primordial mgtE ancestor. However, the N-terminal regulatory domains of MgtE (discussed below) are missing in the SLC41 channels, suggesting that these proteins have evolved alternate mechanisms of regulation. In fact, the distinct cytosolic N-terminal domain of SLC41-A1 appears to be required for an endosomal recycling mechanism thought to be involved in SLC41-A1 regulation [65] . Like SCL41-A1 and SCL41-A2, bacterial MgtE proteins can rescue cell growth and proliferation of TRPM7-deficient vertebrate B-cells [60] . Nevertheless, in spite of their previously reported channellike properties, a recent study has characterized the human SLC41-A1 protein as a plasma membrane Na + /Mg 2+ exchanger [66] . Despite these differences, we believe studies on the related bacterial MgtE proteins will provide valuable insight into the structure, function and regulation of the SLC41 protein family.
Structure determination of MgtE
Nureki and coworkers determined the first crystal structure of MgtE from Thermus thermophilus in the presence of Mg 2+ at 3.5 Å resolution [38] and later refined their model against 2.9 Å resolution data [39] . As anticipated before structure determination, MgtE presented a novel membrane protein architecture. MgtE was revealed to be a homodimer containing a large intracellular N-terminal regulatory region linked to a C-terminal membrane-embedded ion pore (Fig. 1) . Mg 2+ ions bound to the intracellular domain serve to maintain the TM ion pore in an occluded state (Fig. 1B) , suggesting this represents a closed conformation of the ion channel. Crystal structures have also been determined for the soluble intracellular portion of MgtE from T. thermophilus [38] , Enterococcus faecalis [67] and Shewanella oneidensis (PDB ID: 3KXR). These additional crystal structures have aided in the identification of Mg 2+ binding sites and the elucidation of the potential dynamics of MgtE gating [38, 39, 46] . 
Overall structure of MgtE
The membrane-crossing architecture of MgtE is completely distinct among membrane proteins of known structure. This C-terminal TM domain contains five membrane-spanning α-helices per subunit, for a total of ten TM helices in the dimeric assembly (Fig. 1A) . TM2, TM3, TM4, and TM5 are arranged as a helical bundle, whereas TM1 engages in domain-swapped interactions with TM2′ and TM3′ from the neighboring subunit (Fig. 1A) . The dimeric assembly is stabilized through an extensive interface of hydrophobic and polar interactions within the TM region that are required for MgtE function [39] . Three TM helices from each subunit (TM1, TM2, and TM5) are interlaced around the central ion pore, whereas TM3 and TM4 are more peripheral ( Figs. 1 and 2 ). Numerous glycine and proline residues impart a kinked and slightly twisted appearance on the TM helices and likely contribute to the gating and ion conduction mechanism of MgtE. At a glance, although there is no discernable sequence or functional conservation, the overall architecture of MgtE seems reminiscent of the ATP-binding cassette (ABC) transporter superfamily [68] .
A remarkably intimate arrangement of the intracellular domains is found in MgtE (Fig. 1A) . This cytosolic region is composed of two structural subdomains: the N-terminal domain (or N-domain) displays a superhelical fold and is followed by a tandem of cystathionine-β-synthase domains (CBS-1 and -2). In a CBS1-to-CBS1 and CBS2-to-CBS2 configuration, the CBS domains of MgtE form a head-to-head interface with the neighboring CBS pair (Fig. 1A) . These CBS domains are suspended underneath the TM ion pore through an extended α-helix, nicknamed the plug helix (Fig. 1A) . The overall arrangement of the intracellular domains gives the impression that the N-domains are clamped over the CBS domains, which in turn hold the plug helices in place.
The plug helix is a pivotal structural element in MgtE and clearly represents one of the most dramatic examples of a hydrophobic gate observed in an ion channel [69] . Extending from CBS2, these helices occlude the ion conduction pathway at the cytoplasmic end and unambiguously define a non-conductive state. The intracellular regulatory domains may couple structural changes directly through the plug helices to the central ion pore because their covalent link to the TM domain is otherwise observed as an extended structure (Fig. 1A) . This unusual gating apparatus serves to highlight the unique topology of MgtE, but it could have broader implications for our understanding of other CBS domain containing channels and transporters, including the ubiquitous ABC and ClC superfamilies [68, 64, 70] .
A striking feature in MgtE is Asp432, contributed by the pore-lining TM5 helix. Asp432 is the only conserved acidic pore-lining residue found in MgtE and SLC41-type proteins. Nearby electron density in the crystal structure was assigned as a Mg 2+ ion (M1) held between the Asp432 side-chains from both subunits (Figs. 1 and 2) [38, 39] . Subsequent electrophysiological characterization found Asp432 to be essential for MgtE-mediated Mg 2+ conductance [39] , directly implicating this residue in the selectivity and conduction mechanism operating across the entire MgtE family (discussed below).
Regulatory metal-binding sites
The -sensor with a central regulatory role in MgtE channel gating.
A cytoplasmic structure implicates domain movements
Consistent with impressions gained from the Mg 2+ -bound fulllength MgtE crystal structure, a crystal structure of the isolated intracellular domain from T. thermophilus determined in the absence of Mg 2+ revealed striking domain rearrangements (Fig. 3C ) [38] . The N-domain in this apo-structure has disengaged from its interactions with the CBS domains and the plug helix. The CBS2 intersubunit interactions have also disassociated due to electrostatic repulsion generated by the departure of Mg 2+ ions, and the plug helices have undergone a significant displacement that would effectively "de-cork" these helices from their block of the ion conduction pathway in the full-length channel ( Fig. 3B-C ). Paramagnetic relaxation enhancement (PRE) experiments have suggested a dynamic interaction between the N-domain and CBS domain in the absence of Mg 2+ in solution [71] and one anticipates that additional rearrangements within the TM domain would ultimately lead to Mg 2+ conduction through the MgtE ion pore.
Insights from molecular dynamics studies
Molecular dynamics (MD) simulations play an increasingly important role in deepening our understanding of membrane protein structure and function [72, 73] . MD simulations performed in the presence of Mg 2+ are consistent with the N-domain of MgtE stabilizing a closed conformation of the CBS domains, with Mg 2+ ions structurally locking the intracellular domains in a compact conformation [46] . Critically, simulations starting from Mg 2+ -free models also recapitulate the major features of domain closure upon adding back Mg 2+ ions into the system. Computational approaches were also used to interrogate the contribution of select Mg
2+
-binding sites to the overall stability of the intracellular domain assembly. The M5 Mg 2+ ion, which bridges one plug helix and the CBS2′ domain from a neighboring subunit (Fig. 3A) , was reported to be indispensable for maintaining a closed state [46] . Intriguingly, a Na + ion placed at the M5 site was insufficient to maintain the structural lock, indicating that divalent cation specificity exists within the intracellular regulatory domains of MgtE [46] . Moreover, these MD results are consistent with the biochemical observation that only divalent cations, and not Na + , can stabilize MgtE in the presence of exogenously added proteases [46] .
MgtE is a ligand-gated Mg
2+ -selective channel
In a breakthrough study, electrophysiological characterization of MgtE was accomplished by patch-clamp analysis of spheroplasts generated from MgtE-overexpressing Escherichia coli cells [39] . MgtE displayed large conductance and high transport efficiency in Mg 2+ -containing solutions, consistent with a channel-like conduction mechanism (~100 pS at −40 mV;~3 × 10 7 ions/s at −60 mV). Co 2+ could also permeate through MgtE, but with significantly reduced conductance. This study also definitively demonstrated that intracellular Mg 2+ within the low millimolar range regulates MgtE activity. Biochemical experiments performed using the purified MgtE protein further supported this conclusion [46] . -gated ion channel [39] . A series of mutant channels were generated to probe the contribution of the intracellular domains to MgtE gating. Mutational crippling of the M5 site ( 
Insights into ion selectivity and comparison to other channels
Perhaps the most provocative feature of MgtE is its Mg 2+ -selective ion conduction pore ( Fig. 2A-B) . It measures~30 Å in length perpendicular to the plane of the membrane along the central MgtE dimer axis [38, 39] , where a loop containing acidic residues is expected to concentrate cations near the periplasmic entryway by acting as an electrostatic sink [74] . Since cobalt(III)hexammine, a structural analog of a first-shell hydrated Mg 2+ ion, is an effective inhibitor of MgtE [39] , one might anticipate an initial interaction of hydrated Mg 2+ ions with MgtE. Hydrophobic residues found just beneath the acidic loop produce a narrow constriction thought to form a periplasmic gate, while the plug helices completely occlude the intracellular end of the ion pore. Crystallographic substitution experiments with Co 2+ and Ni 2+ failed to displace the centrally bound M1 site Mg 2+ ion ( Fig. 2A-B) , supporting the notion that the ion pore may be blocked from both sides of the membrane in the currently available X-ray structures [39] . Based on limited crystallographic data, a first-shell hydrated Mg 2+ ion was suggested to be coordinated at the M1 site by the Asp432 side-chains and the carbonyls of Ala428 from both subunits [38] . Alternatively, a partially dehydrated Mg 2+ ion might be directly bound to Asp432 and the carbonyl of Ala428 from one subunit, as well as through intervening water molecules to the neighboring subunit [38] . The exact details of Mg 2+ coordination must obviously await higher resolution data and structure determination of MgtE in a conductive state. Electrophysiological characterization, sequence conservation, and the ion pore structure have implicated the acidic side-chains of Asp432 in the selectivity and conduction mechanism within the MgtE superfamily [39] . Direct or tight binding of permeant Mg 2+ ions to Asp432 might appear counterintuitive to achieving the high flux rates measured through MgtE. It therefore seems pertinent to consider the potential roles of acidic side-chains that have been increasingly discovered in new ion channel structures despite differences in charge density, preferred coordination chemistry or water binding properties of the conducted ions. In a non-conductive, desensitized conformation of the trimeric acidsensing ion channel (ASIC), three aspartate side-chains participate directly in monovalent ion dehydration and were suggested to play a key role in ion selectivity [75] . However, more recent crystal structures of this channel captured in non-selective (high pH) and Na + -selective (low pH) conductive forms have found these same aspartate sidechains to surround a much more dilated pore without apparent involvement in ion dehydration [76] . These latest findings suggest that, while ion selectivity is likely influenced by the surrounding electrostatic potential, it may be largely determined by the precise dimensions of a hydrophobic pore (~10 Å radius for the non-selective form and 5 by 7 Å for the Na + -selective form in ASICs). Acidic side-chains have been implicated in Na + and Ca
2+
-selective members of the voltage-gated ion channel (VGIC) family, where selectivity filter cross-sections have been estimated to be~4 by 5 Å in the conductive conformation [77] [78] [79] [80] . In the Na + -selective tetrameric NavAb channel, four glutamate side-chains line the perimeter of ã 4.5 by 4.5 Å ion conduction pathway and were proposed to allow the smaller Na + ion to approach these high field-strength anionic sites more closely, permitting faster permeation than other ions [81, 82] . However, a repositioning of the selectivity filter glutamate side-chains observed in the tetrameric NavRh Na + -selective channel relative to NavAb [83] , and the ability to convert related bacterial VGICs into highly Ca 2+ -selective forms by increasing the electronegative character surrounding the selectivity filter [84] , collectively serve to reemphasize that electrostatic potential and pore dimensions can decisively combine to give rise to either a Na + -selective or Ca 2+ -selective pore. Themes involving electrostatic potential and pore dimensions are further echoed in the highly Ca 2+ -selective hexameric calcium-release activated calcium (CRAC) channel. In the CRAC channel, six glutamate side-chains directly line the ion pore entryway to form an intensely electronegative selectivity filter structure with a snug Ca 2+ coordination site [85] . Mutation of these glutamate residues to smaller aspartate side-chains would undoubtedly widen the selectivity filter, and these mutations are known to concomitantly increase CRAC channel permeability to Na + and other monovalent cations [85] .
Remarkably, in all known ion channel structures where key acidic side-chains appear to be involved in selectivity (including MgtE), it seems likely that the conducted substrates are probably mostly (or even fully) hydrated cation species. By contrast, highly K + -selective channels are well known to conduct dehydrated K + ions through direct backbone interactions in a long, narrow, carbonyl-lined filter [86, 87] . Ironically, the historic K + channel structural example of a selectivity filter whose architecture and chemistry have been optimized through evolution to mimic the first hydration shell of its substrate (the K + ion) is proving to be more likely the exception rather than the rule in selective cation channels. Any paradox here is resolved upon considering the relative free-energies of hydration since K + ions are at one end of the spectrum and the smaller, more charge-dense Na + , Ca 2+ and Mg 2+ ions lie towards the other. For the latter, excessively removing waters of hydration might be too energetically expensive to achieve high conductance rates, and this seems especially true for the Mg 2+ ion. Although more studies are required to determine the underlying detailed components of selectivity and conduction in MgtE, we speculate that a combination of precise pore dimensions and electrostatics will achieve Mg 2+ selection at the universally conserved and essential Asp432 side-chains, perhaps through direct, partial dehydration.
CorA
Distribution of the CorA system
CorA was named for the cobalt-resistant mutants in which it was first identified [34, 35] . Maguire [98, 99] . Extensive phylogenetic analysis of the CorA superfamily also implies a functional divergence at many levels [36] . For example, four corA-like genes can be identified within the genome of the bacterium Cupriavidus metallidurans, which lives in metal-rich environments, suggesting different and specialized roles in metal flux for members of this protein superfamily [36] . CorA proteins likely contribute to metal hypersensitivity [101] [102] [103] [104] and have been described to mediate the efflux of Mg 2+ under certain conditions [90] , although this latter point remains controversial. Rigorous functional characterization is therefore required to define each CorA-like protein and this represents an important area of future research. In eukaryotes, the CorA-like Mrs2 protein is found in mitochondrial inner membranes [105] [106] [107] [108] . Mrs2 is required for normal mitochondrial Mg 2+ homeostasis and function, the stability of mitochondrial respiratory complexes [109] [110] [111] , and the maintenance of myelination within the central nervous system [112, 113] . Notably, mrs2 expression is a genetic hallmark of embryonic stem cells [114] and its overexpression has been linked to a multidrug resistance phenotype in cancer [115, 116] . The yeast CorA-like plasma membrane proteins Alr1 and Alr2 have been implicated in cellular Mg 2+ homeostasis and translation fidelity [117] [118] [119] [120] [121] , whereas the vacuole-residing Mnr2 protein regulates intracellular Mg 2+ stores [122] . In plants, the CorA family has undergone a significant expansion and these CorA-like proteins likely participate in divalent cation transport across many different cellular membranes [36] . In Leishmania major, an intracellular parasite, it is remarkable that two corA-like gene products appear to play opposing roles in virulence [123] . The CorA-Mrs2-Alr1 superfamily therefore has significant and highly specialized roles in the biology of divalent cation transport. Using electrophysiological methods, the Alr1 and Mrs2 proteins have been characterized as high-conductance Mg 2+ -selective channels [120, 124] . It is notable that distant members of the CorA-Mrs2-Alr1 superfamily can complement for one another in heterologous expression systems, supporting the notion of a conserved structural architecture and ubiquitous functional conservation [105, 107, 119, 123, 125, 126] . In fact, the CorA-Mrs2-Alr1 superfamily is recognized by a signature glycine-methionine-asparagine (GMN) motif that is known to be essential for channel function and stability [36, 47, 124] . Hetero-oligomeric complexes with distinct transport capacities have also been described [108, 121] , which suggests that an even broader functional divergence may exist across the CorA-Mrs2-Alr1 superfamily.
Structure determination of CorA and related proteins
Three independent research groups almost simultaneously reported crystal structures of T. maritima CorA (TmCorA) in the presence of Mg 2+ or Ca 2+ at 2.9, 3.7 and 3.9 Å resolution, respectively [40] [41] [42] . The choice of detergent proved to be essential for obtaining the highest diffraction quality crystals [41] , a feature common in membrane protein crystallography. TmCorA was revealed to be a funnel-shaped homopentamer with a large intracellular N-terminal domain linked through an extended α-helix to a C-terminal transmembrane (TM) ion pore domain (Fig. 4A) . Although TmCorA also contains a total of ten TM α-helices (two contributed from each subunit) and a large intracellular domain, its primary sequence and overall structure are completely unrelated to MgtE. When crystallized in the presence of 100-300 mM MgCl 2 , CaCl 2 , or Mg(NO 3 ) 2 , divalent cations were identified along the central ion pore and bound between neighboring subunits of TmCorA (Fig. 4B) . The intracellular domains were therefore assumed to fulfill an important regulatory role because direct metal coordination through conserved acidic side-chains was observed at the subunit interface. Overall, the three initial TmCorA structures were highly similar, 5-fold symmetric, and thought to represent a closed conformation of the ion channel. Recently, the full-length crystal structure of CorA determined in the presence of 60 mM MgCl 2 from the archaeon Methanocaldococcus jannaschii (MjCorA) has also been reported [43] .
Following a common strategy used in membrane protein structural biology [127] , crystal structures of the isolated intracellular domain from a number of CorA homologs have also been determined [40, 42] , including two structures of intracellular domains from ZntB [128, 129] . These studies have resulted in different conformational changes being proposed as the gating mechanism for this unique class of divalent A concentration of acidic side chains forming an "acidic ring" contributed by α5/α6 residues abuts a "basic ring" contributed by TM1/TM2 residues. Although partially obscured in this view, the M1/M2 metal binding surfaces are also intensely negatively charged. cation transport proteins [42, 47, 49, 129] . Critically, the N-terminal domain of yeast Mrs2 (PDB ID: 3RKG; [130] ) superimposes well with the corresponding regions of CorA and ZntB. Therefore, opposing earlier claims [97, 131] , this finding supports the concept that the entire CorAMrs2-Alr1 superfamily shares the same general structural scaffold despite limited sequence identity. Wild-type TmCorA has so far resisted all crystallization efforts in the absence of divalent cations. Following protein-engineering efforts, crystal structures of a nearly full-length TmCorA channel (TmCorAΔNcc;ΔN25/R222A/K223A mutant) could be determined in both the presence and absence of Mg
2+
. These new TmCorA-ΔNcc structures have revealed key regulatory domain motions that are communicated to the ion pore, in addition to the binding mode of a hydrated Mg 2+ ion to the GMN motif at the extracellular entryway of the pore [44] .
Overall structure of CorA
The architecture of CorA is unique among membrane proteins of known structure, although TmCorA and MjCorA both form homopentamers with a similar overall structure. Within their transmembrane regions, five TM1 helices generate an~55 Å long centrally located ion pore with the conserved GMN motif that defines the CorA-Mrs2-Alr1 superfamily lining the extracellular pore entrance (Figs. 4 and 5) [36] . Five short extracellular loops between TM1 and TM2, best resolved in MjCorA, form a polar bowl surrounding the mouth of the ion pore. TM2 ends back in the cytoplasm with a conserved intracellular sequence enriched in basic residues (KKKKWL in TmCorA and RRSGWL in MjCorA). Together with basic side-chains contributed by TM1, this remarkable basic ring (BR) feature forms a cuff around the intracellular end of the ion pore where it creates an intense electropositive potential (Fig. 4C) . Unlike the intimately interwoven pore-forming TM1 helices, the peripheral TM2 helices of CorA are more loosely associated with the central ion pore and may have more dynamic interactions within the membrane lipid bilayer (Fig. 4) [40] [41] [42] 48, 49, 132] . Although unrelated at the primary sequence level, the TM architecture of CorA is reminiscent of the pentameric ligand-gated ion channel superfamily [133, 134] and the recently characterized SLAC1 family of anion channels [135] .
The TM domain of CorA is elaborated by striking extensions of the TM1 helices (α7 in TmCorA) that support the entire intracellular funnel domain assembly (Fig. 4A ). For consistency, this review will use the TmCorA helix numbering throughout, although the TmCorA α1-helix equivalent in MjCorA adopts a loop structure. The intracellular domain of CorA is composed of a central β-sheet flanked by two or three small α-helices on one side (α1, α2 and α3 in TmCorA) and three longer α-helices on the other (α4, α5 and α6 in TmCorA; Fig. 4A ). In both TmCorA and MjCorA, the outer surface of the intracellular funnel domain is decorated with acidic residues contributed by α5 and α6 that form a strong acidic ring (AR) feature, which juxtaposes the aforementioned basic ring (BR) element (Fig. 4C) . These conserved electrostatic features of CorA have been suggested to play a variety of roles in gating [40, 42, 44, 47, 49, 132] .
Regulatory metal-binding sites and related domain motions in TmCorA
An intrinsic, intracellular Mg 2+ sensor has been identified within the funnel domain of TmCorA. Five primary regulatory M1 ions assigned as Mg 2+ or Ca 2+ (the cations present during crystallization) are coordinated directly between the side-chains of Asp89 (α3) and Asp253 (α7′) from a neighboring subunit [40] [41] [42] (Fig. 4B) . At the subunit interface, five additional divalent cations are bound through water molecules at the M2 site (Fig. 4B) [41, 42] . The strategic positioning of these ten bound divalent cations symmetrically around the CorA pentamer suggested that they represent key regulatory sites. In addition to Mg 2+ and Ca 2+ [40, 42] , Co 2+ has also been observed to bind CorA in this region [41] , suggesting the possibility of competition between intracellular cations. Although the physiological concentration of each ion must be considered, the details of ion coordination differ among divalent cations [40] [41] [42] and may have distinct functional consequences for CorA. Notably, a contribution of the five M1 sites to TmCorA regulation has since been demonstrated using cellular complementation and liposomal Mg 2+ flux assays [47] .
Since they shield an otherwise electrostatically repulsive interface (Fig. 4B-C) , disassociation of the bound M1 and M2 metals under conditions of Mg 2+ deprivation could propagate significant structural changes throughout TmCorA. Supporting this idea, the purified TmCorA protein is protected from proteolysis in a divalent cation-dependent manner, and this protection occurs at concentrations which suggest that Mg 2+ is the only physiologically relevant intracellular regulatory ion (i.e. at 0.05-2 mM) [42, 47] . Furthermore, monovalent cations completely fail to protect TmCorA from proteolysis in this assay [42, 47] . More recently, the structure of TmCorA-ΔNcc in the absence of divalent cations has shown monovalent ions bound less tightly, with irregular occupancy, and through water molecules at the M1 and M2 sites (see Fig. 7 ) [44] . TmCorA-ΔNcc further revealed a series of nonequivalent rigid-body motions among individual subunits leading to the development of a markedly structurally asymmetric CorA pentamer. These findings confirm that monovalent cations are not able to lock CorA in a five-fold symmetric, closed state (Fig. 7) . It was proposed that protein-engineering stabilized TmCorA-ΔNcc in an intermediate conformation between open and closed states; yet molecular dynamics simulations also support the notion that loss of intracellular Mg 2+ ions at the subunit interface will trigger an asymmetric conformational wave throughout the pentameric assembly [44] . Five bound chloride ions have also been assigned within the intracellular domain of TmCorA [41] . Any role for these anions remains unclear. Notably, the pentameric intracellular funnel domain structure from Vibrio parahemolyticus ZntB (VpZntB) displayed twenty-five bound chloride ions, and the electrostatic influence of these anions was suggested to develop divalent cation selectivity in this putative Zn 2+ effluxer [128] . If such a mechanism to achieve ion selectivity proved to be operational in VpZntB, this finding would have profound implications beyond the CorA superfamily. Curiously, the pentameric intracellular domain structure from S. typhimurium ZntB (StZntB) revealed numerous bound Zn 2+ ions, with absolutely no bound Cl − ions [129] . Therefore, whether monovalent cations or anions play any physiological role in regulating CorA function remains to be determined.
Regulatory metal-binding sites and intermediate state of MjCorA
The structure of MjCorA crystallized in the presence of Mg 2+ differs markedly from wild-type TmCorA crystallized under similar conditions. The extended, intracellular portion of "α7" (actually α6 in MjCorA, see above) has straightened significantly in MjCorA. This is, in part, clearly due to a stabilizing effect of end-to-end packing of related channel molecules within the MjCorA crystal lattice [43] . This straightening of α7 brings about an overall reorientation and slight repacking of the intracellular regulatory domain in MjCorA relative to TmCorA. Consequently, the M1 divalent cation binding site is not formed in MjCorA since the equivalent α3 coordinating aspartate residue (Asp54) has been displaced~15 Å from its would-be mate on α7′ (Asp219) (Fig. 6) .
In stark contrast to the symmetric, Mg
2+
-bound structure of TmCorA [40] [41] [42] , individual subunits of the Mg 2+ -bound MjCorA are found in a surprisingly asymmetric arrangement [43] . Given our recent structural and functional analysis of TmCorA-ΔNcc, we propose that packing of MjCorA within its crystal lattice has frozen-out an intermedi- -bound closed state through side-chain interactions analogous to those found at the M1 site in TmCorA (Fig. 6) . Regardless of the mechanistic details, the CorA-Mrs2-Alr1 proteins have emerged as a superfamily of ligand-gated ion channels where the intracellular ligand (Mg 2+ ) acts as a negative regulator. Unlike MgtE, the oligomeric arrangement of the intracellular regulatory domains in CorA and their direct structural-coupling to the pore-lining TM1 helix is reminiscent of the intracellular gating apparatus found in the Ca 2+ -activated K + channels [136, 137] .
Insights from cytoplasmic structures
An early intracellular soluble domain structure from Archeaoglobus fulgidus CorA (AfCorA) had recapitulated the architecture of TmCorA, but when grafted onto TmCorA, α6 was seen to rotate around α7 and α5 flipped around the α5-α6 loop [42] . These rearrangements hinted that disassociation of divalent cations from their intracellular binding sites might produce gating events along the ion pore by imparting torque along TM1. Although much less dramatic than first suggested by AfCorA, this type of gating scenario is realized when the full-length crystal structures of TmCorA, TmCorA-ΔNcc and MjCorA are compared (Figs. 6-7) .
It should be pointed out that structures of isolated domains from integral membrane proteins have been known to produce suspect or non-physiologically-relevant assemblies [138, 139] . In fact, this is the case for a number of CorA and ZntB constructs [40, 42, 43, 131, 140] , so drawing firm conclusions about the gating mechanism must be weighed against multiple lines of evidence. Nevertheless, the intracellular domain structures of ZntB may offer relevant insight into CorA gating events [128, 129] . For instance, the helical packing of α5, α6 and α7 seen in the VpZntB pentameric assembly closely approximates the arrangement found in MjCorA, yet VpZntB also maintains a direct α3-α7′ interface (Fig. 6 ). This observation could support the proposal that MjCorA is competent to coordinate intracellular divalent cations directly through acidic side-chains (perhaps through an α3-α7′ interface) as seen in the symmetric, Mg 2+ -bound, closed state structures of full-length TmCorA.
The CorA ion pore and gating
The CorA ion pore is unlike that of any other ion channel characterized to date. However, the recently determined CRAC channel pore Fig. 6 . Pentameric structures of various CorA and ZntB homologues. Bottom-to-top view from the intracellular channel side along the pore axis. The same helix nomenclature (α3, α5, α6, α7) and color coding is used for all structures to indicate corresponding helices. Two neighboring protomers are colored, the remaining three protomers are shown in gray. An orange bar indicates the distance between helices α7 and α3′. A red circle connects the N-termini of the five α7 helices and marks the bottom of the intracellular funnel. The size of the circle indicates the steepness of the intracellular funnel, a side-view of the CorA funnel is provided in Fig. 5A . Mg 2+ ions are represented by magenta colored spheres. A large diameter α7 funnel seems to correlate with a short α7-α3′ distance, and vice versa. Since in TmCorA the short distance between α7 and α3′ is bridged by Mg 2+ ions, these conformational differences might be related to regulation and gating. shares a number of unanticipated similarities, including a similar overall length, a central hydrophobic gate, and an intracellular electropositive barrier to cation flow [85] . Two of the most profound features of the CorA ion pore are the absence of conserved acidic residues along the conduction pathway, and its surprising overall length of~55 Å. Detailed analysis of the pore reveals a hydrophobic stretch that is too narrow to permit the passage of a single water molecule (Fig. 5) , enforcing the conclusion that the TmCorA and MjCorA structures have been captured in closed or non-conductive states. Still, portions of both pores are wide enough to accommodate a Mg 2+ ion with its first hydration shell intact (Fig. 5 ) [40] [41] [42] [43] [44] 49] . From all of the available CorA crystal structures, a total of eight divalent cations have been assigned along the ion pore (Fig. 5) . In fact, MjCorA appears to house up to five hydrated Mg 2+ ions simultaneously (Fig. 5 ) [43] . This implies that CorA contains a functional multi-ion pore, and this result immediately invokes the possibility of a knock-on conduction mechanism [141, 142] .
One captivating feature about CorA is the universally conserved, essential and unique GMN motif that lines the extracellular pore entryway. In both TmCorA-ΔNcc and MjCorA structures, a bound Mg 2+ ion is coordinated through its first shell of waters to the asparagine sidechains and glycine backbone carbonyl atoms at the GMN motif (Fig. 5B) [43, 44] . This interaction is notably asymmetric with respect to the central pore axis, as are all Mg 2+ coordination sites observed within the CorA pore (Fig. 5B) [43, 44] . These structural observations serve to define the GMN signature sequence as the selectivity filter in the CorAMrs2-Alr1 superfamily, but an analogous Mg 2+ site had not been observed in previous TmCorA structures [40] [41] [42] . This still unexplained discrepancy implies that the loss of symmetric Mg 2+ binding to the intracellular regulatory domains, or the ensuing asymmetry that develops along the ion pore, may be a prerequisite to activate the CorA selectivity filter to become permissive to ion conductance [44] . A remarkable characteristic of the CorA pore is an intense electropositive potential contributed by the so-called basic ring (BR) that surrounds the ion pores' intracellular end (Fig. 4C) . This feature was initially proposed to function as an electrostatic gate [40] , and such a design will ensure tight regulation under normal physiological conditions to avoid unwanted cation influx. Computational studies indeed support the notion that the BR presents an insurmountable energetic barrier to Mg 2+ influx starting from the Mg
2+
-bound pore structures of TmCorA [49, 132] . Conformational changes of CorA associated with transitions towards the presumed conductive state suggest that partial neutralization of the BR might occur through interactions with sidechains of the acidic ring (AR) or surrounding membrane lipid headgroups [44] .
It was initially surprising to find a long hydrophobic stretch within the CorA pore, especially considering the unique chemistry of Mg 2+ . , the hydrophobic gate is slightly widened, and the entire pore is now water accessible.
In TmCorA-ΔNcc and MjCorA, one now observes polar side-chains and backbone carbonyls playing crucial roles in coordinating hydrated substrates along the pore. These findings serve to largely offset the energetic (and conceptual) challenges associated with conducting a chargedense substrate like the Mg 2+ ion. Nevertheless, hydrophobic gates are found in a wide variety of membrane transport proteins [69] and one is implicated in TmCorA function [40] [41] [42] 47, 49, 132, 143] . For instance, mutation of the pore-lining Leu294 side-chains into smaller hydrophobic residues leads to an increased transport capacity, which is also communicated to the intracellular regulatory metal binding sites. Although separated by nearly~60 Å in TmCorA, a reciprocal communication pathway is presumed to exist between the intracellular regulatory sites and the hydrophobic gate in CorA. It is generally expected that a hydrophobic ion pore must become at least partially wetted in order to conduct ions [144, 145] . Not surprisingly, computational analyses have indicated an energetic barrier to ion conductance at the hydrophobic gate in TmCorA [49, 132] . Supporting the assignment of TmCorA-ΔNcc and MjCorA structures as gating intermediates, extended molecular dynamics simulations performed in the absence of intracellular regulatory metals lead to stable hydration within this pore region [44, 49] . Nevertheless, it is still remarkable that the slight pore dilations associated with the asymmetric arrangements of the TM1 pore-lining helices seen in TmCorA-ΔNcc and MjCorA appear so robustly suited to house hydrated Mg 2+ substrates [43, 44] . This suggests an energetic balance whereby CorA is optimized to selectively load its long ion pore with multiple (at least partially) hydrated Mg 2+ ions while maintaining a non-conductive state. In the CorA conductive state, perhaps a further slight rotation of the TM1 helix along the hydrophobic stretch will either bring conserved polar side-chains into the ion pore or displace hydrophobic side-chains away from the conductance pathway to initiate high-capacity influx of hydrated Mg 2+ ions.
Insights into ion selectivity and conductance
Until recently, the structural basis of ion selectivity in the CorAMrs2-Alr1 superfamily had remained a mystery. It is now clear that the conserved GMN motif lining the pore entryway supports the selection of first shell hydrated Mg 2+ ions through soft side-chain (via Asn) and backbone carbonyl (via Gly) interactions. So far, this selectivity filter structure and mechanism are unique among membrane proteins of known structure, but it is somewhat reminiscent of the partially hydrated Ca 2+ ion seen coordinated to the backbone carbonyls within the selectivity filter of the NavRh channel [83] . CorA has apparently evolved to select and conduct hydrated versions of its charge- [1] [2] [3] 146] . This setting can further explain why cobalt(III) hexammine, a structural analog of a first shell hydrated Mg 2+ ion, is an effective inhibitor of the CorA superfamily [47, 124] , but why larger analogs are not [147] . This intriguing hypothesis also suggests that slight structural changes at the selectivity filter of CorA might disfavor Mg 2+ binding and lead to a transient disassembly of the presumed conductive multi-ion pore configuration. We speculate that structural fluctuations at the selectivity filter could therefore represent an effective mechanism to precisely control and regulate Mg 2+ flux through CorA.
Multiple hydrated Mg 2+ ions are seen along the MjCorA ion pore, including one extracellular to the GMN motif coordination site (Fig. 5A ). This key structural observation suggests that an incoming substrate will promote rapid ion conduction through a knock-on conduction mechanism since hydrated Mg 2+ ions are corralled and aligned within the long CorA ion pore. Paradoxically (see below), this proposed mechanism of ion selectivity and conduction conceptually is somewhat reminiscent of K + channels, where backbone carbonyls are perfectly arranged to mimic the first hydration shell of K + ions that permeate in a multi-ion configuration [86, 87] . Until recently, it had generally been assumed that direct ion-protein contacts would be required to confer high selectivity in ion channels [142] . In K + channel selectivity filters, for example, low field-strength anionic carbonyl sites appear well suited to directly dehydrate incoming K + ions with little energetic penalty [86, 87] . By contrast, structural analysis of the SLAC1 anion channel has clearly revealed a selectivity sequence correlated with the free energy of ion hydration where substrates that are more easily dehydrated are more permeant, without implicating direct ion-protein interactions [135] . An analogous proposal has been suggested for the ligand-gated pentameric ion channel family following structure determination of the GluCl anion channel [148] . It therefore seems unique and remarkable that the CorA superfamily may achieve high selectivity without direct ion-protein interactions for an ion that holds on to its hydrating waters more tightly than all others (as is the case for the Mg 2+ ion).
Additional structural components are likely involved in achieving or tuning selectivity in the CorA-Mrs2-Alr1 superfamily. The extracellular loop connecting TM1 to TM2 contains highly conserved acidic sidechains suggested to directly coordinate and concentrate Mg 2+ ions near the mouth of the pore [132, 149] . These acidic residues are associated with high capacity flux [121, 124] , but they are not essential for CorA function [42, 47, 49, 150] . Others have indicated the existence of weaker binding sites for hydrated Mg 2+ ions along the extracellular loop [48, 49] . Since the first hydration shell of Mg 2+ is in slow exchange,
CorA may begin to achieve selectivity at this extracellular surface. This type of initial interaction would not incur the energetic penalty of partially dehydrating the Mg 2+ substrate, which is consistent with high conductance rates [120, 124] . It has also been reported that the extracellular loop is important for stabilizing CorA [47, 151] and it is reasonable to assume that this region helps to maintain the overall architecture of the selectivity filter during gating.
CorA is a ligand-gated Mg
2+ -selective ion channel
The probability of the Mrs2 channel to occupy its open conformation is known to respond to the effective Mg 2+ concentration [124] , and divalent cations identified between subunits first suggested that CorA might be regulated by intracellular Mg 2+ [40] [41] [42] 
Molecular dynamics studies of CorA
In addition to identifying the hydrophobic gate, computational studies on TmCorA have defined energy wells associated with metal binding along the ion pore (Fig. 5A ) and suggested that acidic residues in the extracellular loop attract and stabilize cations near the pore entrance [49, 132, 149] . The intracellular basic ring (BR) was also found to exert a large barrier to ion permeation (Fig. 4C) , implying that a significant repositioning or shielding of these basic residues is required for ion conduction [49, 132] . Consistently, mobility of the TM2 segment has been noted [42, 48, 49, 132] selectivity, but the precise mechanism through which selectivity is ultimately achieved remains to be determined. By comparison to other ion channels that harbor key acidic side-chains, it can be suggested that selectivity in MgtE arises through a precise combination of pore dimension and electrostatic potential, and that the conducted substrate is probably a Mg 2+ ion with its first hydration shell (mostly) intact. It remains a formal possibility that the acidic Asp432 side-chains participate directly in ion coordination in the conductive conformation. In either scenario, considering the overall length observed for the MgtE ion pore, one can assume that it operates in a multi-ion pore configuration. In CorA, the polar GMN motif at the selectivity filter is known to be capable of coordinating Mg 2+ ions with their first hydration shells intact. In fact, the CorA pore has been characterized to contain multiple hydrated Mg 2+ ions bound asymmetrically along its length. [6, 59, 62, 124] . Deciphering the molecular details of these regulation events remains an important challenge for future investigation.
An emerging prokaryotic cellular Mg 2+ circuit
A detailed picture of Mg 2+ homeostasis within prokaryotes has begun to emerge at many levels. CorA was once thought to be constitutively expressed and functionally regulated [91] ; but the expression level of CorA at the membrane may actually be more complex [92] . By contrast, the expression of MgtE at the membrane is regulated at the level of transcription [155] . The mRNA encoding mgtE contains a riboswitch structure that leads to abortive transcription upon Mg 2+ binding; so this mRNA effectively functions as a cellular Mg 2+ sensor to regulate the expression of the ion's transport protein [155] . Remarkably, the mRNA encoding for the MgtA Mg 2+ transporter is regulated through a similar (yet distinct) riboswitch mechanism [156] . Therefore, in addition to the Mg 2+ -sensors that are intrinsically built into the regulatory domains of the MgtE and CorA channels, intracellular Mg 2+ -sensors are also built into the mRNA transcripts that encode these very transporters (at least for mgtA and mgtE).
On the extracellular side, transcription of the high-affinity MgtA and MgtB Mg 2+ transporters is initiated by low environmental Mg 2+ levels through the PhoP-PhoQ two-component signal transduction system [17, 156] . Critically, the extracellular Mg 2+ levels that induce mgtA transcription (b 100 μM) are below the Mg 2+ concentrations to which the mgtE riboswitch will respond (100-250 μM). Moreover, the trigger for this riboswitch reacts to intracellular Mg 2+ levels that are set just below those which regulate MgtE and CorA (N250 μM) [39, 42, 46, 47] . This overall organization therefore describes a highly coordinated and interdependent mechanism to sense and respond to extracellular and intracellular Mg 2+ levels within prokaryotic cells.
In addition to its classical roles as a catalytic and structural co-factor, a global picture of Mg 2+ homeostasis is emerging whereby the Mg 2+ ion functions as a key signaling molecule that can (in effect) regulate its own cellular abundance as well as execute and control discrete genetic cascades. We expect that the growing list of duties known for the MgtE and CorA Mg 2+ transport systems in microbial physiology (e.g. regulating virulence and protein secretion) will soon supersede their recent structural characterization.
Implications for understanding eukaryotic Mg 2+ channels
The available crystal structures and biophysical analysis of MgtE and CorA have set the stage for a better understanding of their eukaryotic counterparts: the SLC41 and Alr1-Mrs2 magnesium channels, respectively. In the SLC41 channel family, functional conservation of essential pore-lining residues immediately suggests a shared TM architecture and conduction mechanism with MgtE. However, since SLC41 channels lack any obvious MgtE-like regulatory domains, unique structural or functional adaptations likely exist. We anticipate that SLC41 channels might be regulated at the level of their TM pore, may engage dedicated regulatory proteins, or can be regulated by posttranslational modifications or subcellular targeting mechanisms [65] . Understanding SLC41 channel regulation and physiology clearly remains an important area of future research.
CorA provides a solid foundation to understand the structure, function, and regulation of its eukaryotic counterparts, including the essential mitochondrial Mg 2+ channel Mrs2. A very recent crystal structure of the soluble domain of Mrs2 confirms its high structural similarity with CorA [130] ; and the essential GMN-selectivity filter motif of Mrs2 also implies a shared mechanism of ion selectivity and conduction [157, 158] . Because mitochondria function in a myriad of fundamental physiological processes, we speculate that Mrs2 channel activity is tightly regulated and coupled to the metabolic status of cells through various cellular sensors and signaling pathways. In addition, many eukaryotic CorA family homologues contain significant amino acid extensions beyond their recognizable CorA-like structural domains. Therefore, defining the structure, function and interplay of these auxiliary protein regions in Mrs2 and Alr1 also remains an open area of research in the field. Future studies of MgtE and CorA will undoubtedly have implications for our understanding of eukaryotic Mg 2+ channels, but these studies will also have limitations. For example, the MagT1 Mg 2+ channel required for T cell activation [22] shares absolutely no signature motifs with MgtE or CorA, so drawing analogies appears superfluous at this time. Similarly, the TRPM6 and TRPM7 channels are regulated by the intracellular Mg 2+ concentration [159] and acidic side-chains have been implicated in divalent cation selectivity [160, 161] but these Mg 2+ channels are more closely related to the tetrameric voltagegated sodium and calcium channels within their transmembrane domains than either to MgtE or CorA [162, 163] . We therefore suspect that crystal structures of a NavAb-like voltage-gated calcium channel [81] will be much more relevant to draw structure-function relationships on the TRPM6 and TRPM7 Mg 2+ channels. Nevertheless, we are excited about continued and focused structural biology efforts targeting eukaryotic Mg 2+ transport systems because we truly believe that new structural scaffolds, regulatory mechanisms, and evolutionary relationships are awaiting to be discovered.
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